A scheme of numerical analyses available for the LSD wave has been constructed. As a typical analysis model, which is expected to realize the laser propulsion systems, axisymmetric-nozzle-geometry is applied. In the numerical analyses on LSD, especially, laser absorption model and thermal-nonequilibrium model are very important to describe physically detail processes. For thermal-nonequilibrium model, 2-temperature (heavy particle's temperature and electron temperature) model has been applied because the electronic mode is firstly excited in laser absorption and a thermal non-equilibrium state easily arises. In this paper, attention is paid for the numerical method for LSD waves propagating through a diatomic gas: hydrogen, nitrogen or oxygen, which is the representation of the gases existing in the nature and is expected to have an economical advantage for a propellant. 
:initial cold gas
Introduction
Numerical Analyses on Laser-Supported Plasma (LSP) have been performed for researching the mechanism of laser absorption occurring in the laser propulsion system. As far as the author knows, the first person who suggests the idea of this system is Kantrowitz (Avco Everett Research Laboratory) in 1972 1) , and after this suggestion, the study on the system has started in the world. The initial theoretical and experimental studies at that time are summarized by the SDIO report in 1989 2) . At the present the system becomes realistic because of the development of high-powered laser system and many studies on the system have been made all over the world.
Laser-Supported Detonation (LSD), one type of LSP, is considered as one of the most important phenomena for laser propulsion because it can generate high pressure and high temperature for performing highly effective propulsion. LSD is also categorized as one type of hypersonic reacting flows, where exothermicity is supplied not by chemical reaction but by laser absorption. Therefore, the propellant is not required to be combustible. For example, an argon gas or a diatomic gas, which is abundant in air, is available for propellant.
For simulating LSD propagation, 1-dimensional (1-D) steady and unsteady analyses 3) were performed at first, using a CO 2 gasdynamic laser into argon gas, where the most important laser absorption mechanism for LSD propagation is Inverse Bremsstrahlung. In this process, the laser energy is transformed into the kinetic energy of free electrons by photon absorption. During collisions of electrons with ions or neutral particles, the laser enegy is re-distributed among heavy particles through collisions. In the next stage, Quasi-1-dimenmsional analyses 4) and axisymmetric 2-dimensional analyses 5) were performed in the case of argon gas. In these previous works, though LSD wave in a conical nozzle is simulated for an inert gas, it is somewhat scarce compared with a diatomic gas. Therefore, the analysis model should be extended for applying diatomic species, which are abundant in the atmosphere.
The objective of this study is to construct a calculation method for simulating unsteady and non-equilibrium LSD wave propagating through a hydrogen gas, as a representative of diatomic gases. Figure 1 shows the Analysis Model for the axisymmetric 2-dimensional study. In this axisymmetric nozzle, all the area is filled up with a hydrogen gas. CO 2 gasdynamic laser beam (10.6μm) passes from right to left, and is focused on the left wall by a lens. As a simplified model, the rest of laser beam, which is mainly absorbed by the inner plasma, passes through the left transparent wall. Computational grid is shown in Fig.2 . It consists of 81 by 151 points and symmetric boundary condition is applied. 
Numerical Model and Assumptions

Analysis model
Assumptions
Assumptions on this analysis are based on the previous model 5) : (1) Propellant gas is always electrically neutral.
(2)Chemical reaction and laser absorption are considered.
Chemical reactions considered in this model are as follows:
3)
The electron temperature related to electron-electronic excitation mode and vibrational mode is separated from the heavy particle temperature related to the other modes.
(4)Transport properties are considered.
The derivation of the transport properties is based on Yos's formula 7) to the multitemperature gas mixture. In this analysis, concerning effective diffusion coefficient, ambipolar diffusion 8) is also considered.
Governing equations
In this study, Axisymmetric Navier-Stokes equations are changed into the finite-difference equations, using the TVD scheme where radiative energy transfer terms Q IB , Q B and Q EE are treated implicitly.
Governing equations are as follows: In the last term, In this analysis model, relaxation terms between heavy particle mode and electrical modes should be developed referring the thermal non-equilibrium model for hypersonic flows. 7) Therefore, Q T is modified for applying vibrational mode as shown in the third and forth terms of the following equation: 
As we consider real gases, the specific heat C p and enthalpy h are the functions of the temperature, which are calculated from the thermodynamic coefficients given by Gnoffo et al. 7) and Matsuzaki. 9) A vibrational-translational energy relaxation in a collision between molecules, which is expressed as the numerator of the fourth term of Eq. (3) (6) where K em , K ea and K ei are given by Johnston et al. 12) and Kemp et al., 13) respectively. They are functions of number density, electron temperature and wavelength of laser beam.
On the other hand, the energy loss Q B , which due to bremsstrahlung, is given by integrating the expression from zero to infinity with respect to frequency. These chemically-reacting gasdynamic equations with strong source terms are solved by semi-implicit Harten-Yee non-MUSCL modified-flux-type TVD scheme, where radiative energy transfer terms Q IB , Q B and relaxation term Q T are treated implicitly. The viscosity terms, F v and G v are solved using an alternating-direction implicit (ADI) difference scheme.
Laser absorption model
In the presence of absorption, the local radiation intensity I(r,x,t) is governed by
where n indicates the direction of laser beam.
Results and Discussion
Initial conditions
Unsteady analysis on LSD wave propagating through a conical nozzle has been performed as a typical case. The initial geometries are shown in Figs.3(a) and (b) and the physical conditions are shown in Table 1 . At first, a hot spot is set up to imitate the initial plasma. In this paper, a new hot spot model, in which hot electrons are seeded, is applied in place of using shock tube problem.
3) This hot model imitates the hot electrons, which are generated on a metal target by dielectric breakdown in an experiment. 14) As a simple model, the shape of a hot spot is hemispherical and the radius is equal to, or somewhat smaller than the focusing radius of laser beam. In this case, hot electrons are seeded to an initial room temperature gas in the hot spot area. The next, incident laser intensity is set as I 0 =5´10 6 W/cm 2 at inlet in order to sustain an LSD wave, which generates at the concentration spot where the power of laser is more than 20´10 6 W/cm 2 according to the experimental data. Figures 4(a) -(c) show the calculation results at 0.018μ sec. By this time, though the heavy particle's temperature rises up to the level of the electron temperature by electron-atom collision and laser absorption as shown in (a) and (b). At this time, the size of the hot spot is almost as the same as that in the initial time. On the other hand, a shock front begins to be generated as shown in (c). These thermal non-equilibrium phenomena in an initial LSP are able to be simulated only by this analysis model.
LSD wave propagation in hydrogen gas
The shock front propagates and grows into LSD wave, as the laser absorption ratio increases. Figures 5(a)-(d) show the calculation results at 0.124μsec. In the case of argon, the laser absorption zone corresponds with an ionization zone, which is easily explained referring to ZND model. 5) On the other hand, it corresponds to a dissociation zone of hydrogen molecules instead of the ionization zone, in the case of hydrogen as shown in (a)-(d). The ionization zone exists backwards and only absorbs the rest of laser beam which is mainly absorbed in the forward zone. This result shows that LSD wave in hydrogen at atmospheric pressure is able to propagate in the condition that the electron number density at the forehand zone is at most several percent of that of atom, far below the cut-off density, n e » 10 25 m -3 . Therefore the LSD wave is mainly supported by the laser absorption in the dissociation zone. Furthermore the degree of dissociation is necessary to be almost perfect for sustaining of this structure, even if that for ionization is moderately low. In this analysis case, though almost 100% of the molecules dissociate through the LSD wave, only 1 0 % o f t h e a t o m s a r e i o n i z e d a t m o s t .
By these results, the previous LSD structure model, 4) in which an ionization zone is simply replaced by the combustion zone in the ZND model, should be modified in the form of two-stage absorption zones, except for the case of inert gases studied in the previous works.
3)-5)
Conclusions
In this study, the analysis model and the calculation methods is constructed for simulating LSD wave propagating through a diatomic gas. In this analysis model, relaxation terms between heavy particle mode and electronic modes are developed referring the thermal non-equilibrium model for hypersonic flows, and a new hot spot model, in which hot electrons are seeded, is applied for imitating the effects in an experiment. The calculation is performed in an axi-symmetric space, for simplifying a realistic laser propulsion system.
As a first calculation result, thermal non-equilibrium phenomena in an initial LSP, heating by laser absorption and shock front generation, can be numerically simulated in this model. And as the next, it is numerically confirmed that the LSD structure has two-stage absorption zones. By this result, a laser absorption during LSD propagation consists of dissociate zone and ionization zone in the case of a diatomic gas as a hydrogen.
